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Microwave absorption measurements in magnetic fields from zero up to 16 T were used to de- 
termine the temperature range of superconducting fiuctuations above the superconducting critical 
temperature Tc in YBa2Cu307_i. Measurements were performed on deeply underdoped, slightly 
underdoped, and overdoped single crystals. The temperature range of the superconducting fiuctu- 
ations above Tc is determined by an experimental method which is free from arbitrary assumptions 
about subtracting the nonsuperconducting contributions to the total measured signal, and/or theo- 
retical models to extract the unknown parameters. The superconducting fiuctuations are detected 
in the a&— plane, and c— axis conductivity, by identifying the onset temperature T' . Within the 
sensitivity of the method, this fiuctuation regime is found only within a fairly narrow region above 
Tc- Its width increases from 7 K in the overdoped sample {Tc = 89 K), to at most 23 K in the deeply 
underdoped sample {Tc = 57 K), so that T' falls well below the pseudogap temperature T* . Implica- 
tions of these findings are discussed in the context of other experimental probes of superconducting 
fluctuations in the cuprates. 

PACS numbers: 74.72.-h,74.25.N-,74.40.-n,74.25.Dw, 



I. INTRODUCTION 



Superconducting fluctuations have attracted a great 
deal of attention in the researcli of high temperature su- 
perconductors (HTSC). The first reason was the chal- 
lenge of observing the critical regime of fluctuations, 
which had been previously inaccessible in experiments 
with classical low temperature superconductors. Due 
to the short coherence lengths, and high thermal en- 
ergy fc^Tc, it was estimated from the Ginzburg criterion 
that critical fluctuations in HTSC could extend within 
1 K, or more, around Tcr^ Beyond the critical region, 
one expected a transition to Gaussian fluctuations, which 
are the lowest order fluctuation correction to the mean 
field theoryj^ Indeed, critical fluctuations have been ob- 
served in HTSC by a number of experimental techniques, 
including penetration depth measurements^, thermal 
expansivitjs^, two-coil inductive measurementsi, and 
microwave measurements i^"— The experimental evidence 
was consistent with the 3D XY universality class. The 
3D character implies that the fluctuation correlations ex- 
tend over many atomic layers along the c axis. Even 
in strongly underdoped YBa2Cu307_5 (YBCO), which 
is extremely anisotropic, no evidence was found for the 
crossover to uncorrelated fluctuations in adjacent lay- 
ers, i. e. the Kosterlitz-Thouless-Berezinsky (KTB) 
vortex-unbinding transition^ until the thickness of the 
sample became comparable to the fluctuation correlation 



length.— 

The second reason for the study of superconducting 
fluctuations in HTSC was related to the nature of the 
pseudogap, which is known to open in underdoped com- 
pounds at a temperature T*, much above the supercon- 
ducting transition temperature T^r^ The intriguing ques- 
tion was whether a highly sensitive experimental tech- 
nique could detect the superconducting fluctuations ex- 
tending as high above Tc to almost reach the pseudo- 
gap temperature T* . Observation of the superconducting 
fluctuations up to T* would indicate that the pseudogap 
is related to superconductivity. In such a scenario, the 
long-range coherence is lost at Tc due to fluctuations of 
the phase of the superconducting order parameter.—"— 
The pseudogap region would then be marked by pre- 
formed Cooper pairs, and take the role of the precursor 
to the superconducting state. If, in contrast, one finds 
convincing experimental evidence that the onset temper- 
ature of the superconducting fluctuations falls well below 
T*, in particular for underdoped HTSC, the nature of 
the pseudogap would appear to be unrelated to super- 
conductivity. Instead, it could be explained by fluctua- 
tions of other order parameters, as proposed on theoret- 
ical grounds)^"— 

Experiments probing magnetic correlations have re- 
cently uncovered evidence of electronic liquid-crystal 



states 
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and/or orbital-current order—"— in the pseu- 
dogap regime of underdoped HTSC. The onset of these 
ordering phenomena was found to coincide with T*, as 



determined by the departure from linearity of the dc re- 
sistivity curve. However, the evidence presented in favor 
of new forms of magnetic order in the pseudogap region 
need not exclude the existence of some form of the super- 
conducting order, or possible competition of the twoiiS^. 
The extent of the superconducting fluctuations has to be 
firmly established using a sensitive and reliable experi- 
mental technique. 

A major problem in most experimental techniques is 
to subtract properly a background signal unrelated to 
superconductivity. For example, when analyzing the 
Nernst effect, one has to subtract the normal quasipar- 
ticle contribution)^!^ which may not obey the usual 
assumptions of the so-called Sondheimer cancellatioui^ 
Furthermore, it has also been shown that spin/charge 
density modulations, known as stripe order in under- 
doped HTSC, can cause a considerable contribution to 
the observed Nernst signal.— The conclusions on the ex- 
tent of the superconducting fluctuations drawn from the 
Nernst effect measurements are still controversial , '^^''^^ 
and call for a complementary analysis by other experi- 
mental techniques. 

Early work on dc fluctuation conductivity in HTSC 
relied on the assumption that the normal state resistiv- 
ity was linear, not only at temperatures far above Tc, 
but also closer to Tc where the superconducting fluctu- 



ations appear 
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The linearly extrapolated resistivity 



was used to calculate the normal conductivity cr„, which 
was then subtracted from the total experimental con- 
ductivity to obtain the fluctuation conductivity alone. 
However, it was later shown that the linear normal state 
resistivity was not generic to HTSC, particularly not in 
underdoped compounds f^i^ so that deviations from lin- 
earity could not be unambiguously ascribed to supercon- 
ductivity. 

In microwave measurements one can determine the 
complex conductivity ct = ci — 10-2,—'^^^'^ where the 
real part ui includes both the normal conductivity cr„ 
and the contribution from the superconducting fluctu- 
ations CTj . Separating those two parts poses the same 
problem as in the dc conductivity analysis. The imagi- 
nary part (72 requires no subtractions, since it is entirely 
due to the appearance of superconductivity. However, it 
decays above Tc much faster than the real part a^ of the 
fluctuation conductivity;^ and may become untraceable 
due to the signal noise. In order to deal with the prob- 
lem, we have recently introduced a novel approach to 
microwave measurements in combination with an exter- 
nal magnetic fieldJ^ The microwave signal measured in 8 
T field was subtracted from the one in zero field, and the 
difference was reliably attributed to the contribution of 
the superconducting fluctuations above Tc. In a nearly 
optimally doped HgBa2Cu04+5 (Hgl20I) high quality 
single crystal^ with Tc ~ 94.3 K, we could observe the 
superconducting fluctuations up to T' = 105 K, which 
is only 10 K above Tc- This is far below the pseudogap 
temperature T* = 185 K determined in this compound. 

In this paper, we take advantage of the microwave tech- 



nique combined with the magnetic field to study the su- 
perconducting fluctuations in YBCO single crystals over 
a wide doping range. We have studied both overdoped 
and underdoped samples (Table [I|. For a short notation, 
we name these samples OD89, UD87, and UD57. The ex- 
perimental arrangement allows for the determination of 
the superconducting fluctuation conductivity separately 
in the ab plane, and along the c axis. Our results show 
that the region of superconducting fluctuations is fairly 
narrow. In the overdoped sample, it extends to only 7 K 
above Tc, while in our most underdoped sample at most 
to 23 K, which falls far below the pseudogap at that 
doping. Implications of these flndings will be discussed. 



II. EXPERIMENTAL 

High-quality YBCO single crystals were grown by the 
solution growth method in the crystal growth group 
at the Max-Planck-Institut fiir Festkorperforschung 
Stuttgart. In order to prepare samples with well-defined 
oxygen content the as-grown crystals were annealed in 
O2 (OD89 and UD87) and synthetic air (UD57) respec- 
tively. The overdoped crystal was detwinned by applica- 
tion of uniaxial mechanical stress ('--^ 5 x lO'^ N/m^) along 
the crystallographic (100) direction at elevated tempera- 
tures. Further details about the sample preparation are 
given in Ref. |48| . 

Sample Doping p rc(K) Are(K) Size (mm'') Ngj Ng 

2.5x1.9x0.6 0.13 0.68 

2.5x1.95x1 0.26 0.56 

2.5x1.6x0.9 0.29 0.55 



TABLE I: Some physical properties of the measured samples. 
Nab and Nc are the demagnetization factors^ for Hmm par- 
allel to the ab plane, and the c axis, respectively. 

Table |T] summarizes the main characteristics of the 
measured samples. The hole doping level per planar Cu 
ion p was extracted from the known doping dependence 
of the room-temperature thermoelectric power— and the 
lattice parameter c (Ref. Isil ). The width ATc of the su- 
perconducting transition was estimated by the common 
10 - 90 percent criterion of the transition curve measured 
by the microwave absorption described later in this pa- 
per. We may note that the same criterion applied in dc 
resistivity curves yields a smaller transition width. This 
comes out naturally because of the nonzero losses in mi- 
crowave measurements even below Tc- Thus, the present 
estimate of ATc is a rather conservative one. The pre- 
cise value quoted for Tc is not the simple midpoint in the 
transition curve measured by the microwave absorption, 
but was infered from the maximum of the real part cti 
of the complex microwave conductivity as shown later in 
Section V. This value of Tc was found to lie within the 
ATc range, somewhat closer to the lower (10 percent) 
boundary. 
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For the microwave measurements, the sample was 
mounted on one end of a sapphire holder, which serves 
as a cold finger. The assembly was then inserted into the 
microwave cavity so that the sample takes the center po- 
sition inside. Outside of the microwave cavity, a heater- 
sensor block was mounted on the free end of the sapphire 
holder. The temperature could be controlled to 10 mK 
stability. The microwave cavity was made of copper so 
as to allow measurements in any external magnetic field 
with only a small change in its Q-factor. This small field 
dependent variation could be detected by measuring the 
empty cavity, and subtracted from the signal measured 
when the cavity was loaded with the sample. 

The geometry of the microwave cavity was carefully 
chosen as elliptic, so that the degeneracy of some orthog- 
onal modes could be lifted. We used eTEii2, and eTE2ii 
modes operating at 13.14 GHz, and 15.15 GHz, respec- 
tively. Each of these modes has an antinode of the mi- 
crowave magnetic field i/mw in the cavity center, where 
the sample is positioned. However, the polarization of 
i/mw is along the cavity axis in the eTE2ii mode, and 
perpendicular to this axis in the eTEii2 mode. Thus, 
with the same mounting and positioning of the sample 
in the cavity, we could carry out two measurements. We 
chose to mount the YBGO single crystal so that its c axis 
was along the cavity axis (vertical in our experimental 
setup). Consequently, the induced microwave currents in 
the measurement with the eTE2ii mode were fiowing as 
closed loops in the ab plane, while the eTEii2 yielded 
microwave currents closing the loops by fiowing partly in 
the ab plane, and partly along the c axis. The polariza- 
tions of TJmw , and the induced current loops in the two 
respective modes are shown in the insets of Figs. [T] and 

m 

The microwave source was a Rohdc Schwarz synthe- 
sizer whose frequency could be tuned to achieve reso- 
nance. An AFC circuit allowed tracking of the reso- 
nance as the temperature of the sample was swept, and 
the resonant frequency was measured by a microwave 
counter. On top of that, the microwaves were frequency- 
modulated at 991 Hz, with a frequency deviation which 
corresponds to the halfwidth of the Lorentzian represent- 
ing the resonance curve of the microwave cavity loaded 
with the sample. Even harmonics of the output signal 
from the microwave cavity were used to determine very 
accurately the Q-factor of the cavity. The details of this 
method were published elsewherei^ 

Data acquisition was made during a slow temperature 
sweep of the sample so that the microwave signal gen- 
erator could alternate between the resonance frequencies 
of the two modes. Thus, we obtained the experimental 
curves in both modes with a single temperature sweep. 
This procedure ensures that the resulting data can be 
directly compared. 



III. MICROWAVE ABSORPTION AND 
SUPERCONDUCTING FLUCTUATIONS 

The results of microwave measurements are expressed 
through a change in the inverse value of the quality factor 
of the cavity loaded with the sample. In our experimental 
setup, the microwave cavity is kept always at a constant 
low temperature (e. g. 2 K) so that the power dissipa- 
tion in its walls remains unchanged. The contribution 
of the unloaded cavity, 1/2Qq, is subtracted from the 
total experimental value l/2Qexp to obtain the contribu- 
tion due to the sample itself 1/2Q = l/2Qexp — l/2Qo- 
As the temperature of the sample is varied, one ob- 
serves changes of 1/2Q as the absorption of microwaves 
is changed within the skin depth of the sample surface. 



A. Slightly underdoped sample 

In order to extract the contribution of the supercon- 
ducting fluctuations from the overall signal, we have 
carried out measurements in zero magnetic field and 
in (dc) magnetic fields up to 16 T. The behavior 
of the superconducting fiuctuations in applied mag- 
netic fields has been previously studied by dc conduc- 
tivity measurements)^"— and compared to theoretical 
predictions i^ Also, microwave conductivity measure- 
ments were used for studying the scaling properties in 
field and temperature i^ In contrast to those studies, here 
we do not aim to study the superconducting fluctuations 
in various applied fields, but apply a high enough field in 
order to suppress superconductivity at all temperatures 
above the zero field T^. This serves us to determine the 
normal state background line without any extrapolation 
based on a theoretical model of the normal state behav- 
ior. In Section V, we will show more explicitly that 8 
T field is already sufficient for this task, and 16 T field 
can further suppress the superconductivity a few degrees 
below the zero field Tc. 

Fig. [1] shows the curves measured in slightly under- 
doped YBCO single crystal in zero magnetic field, as well 
as in various applied magnetic fields. In an applied mag- 
netic field, the superconducting transition is shifted to 
a lower temperature, and occurs through the formation 
of the mixed state with some magnetic fiux penetrating 
into the sample. The microwave currents then exert a 
Lorentz force on vortices so that their oscillation consti- 
tutes an additional mechanism of the microwave power 
absorption!^"— 

The measurements shown in Figs. HJa) and (b) were 
carried out in the two modes as described in Section II. 
Note that the signal in the normal state is considerably 
larger when iJmw is parallel with the ab plane (Fig. [Hb)). 
The explanation can be found if one observes that, in 
this configuration, the induced current flows in a closed 
loop, partly in the ab plane and partly along the c axis. 
Since the ratio of the normal state values pc and pab is 
much larger than the ratio of the sample dimensions (the 
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FIG. 1: (Color online) Microwave absorption in slightly un- 
derdoped YBCO {Tc = 87 K). External dc magnetic field is 
applied parallel to the c axis (black: Bdc = 0, red: Bdc = 8T, 
green: Bdc = 16T ). (a) -ffmw is in the c-direction so that the 
induced microwave currents flow in the ab plane; (b) Hmw lies 
in the ab plane so that the induced microwave currents flow 
partly in the c-direction and partly in the ab plane. Insets 
show the difference in absorption between Bdc = 16 T and 
zero fleld for respective conflgurations. 



fii^cuir^ so that our method is sensitive to resistivity 
changes greater than 1 /Ltr^cm. Within this limit, we ob- 
serve no magnetoresistance in fields up to 16 T in the nor- 
mal state above 100 K in nearly optimally doped YBCO. 
We note, however, that the transverse and longitudinal 
dc magnetoresistance of magnitude ^ 10^® has been ob- 
served up to ~ 270 K over a wide range of undcrdopcd 
YBCOi^ The small longitudinal magnetoresistance at 
high temperatures was ascribed to magnetic scattering 
which increases when the spin gap is suppressed by the 
Zceman effect, while a much larger magnetoresistance 
closer to Tc was ascribed to the superconducting fluc- 
tuations. Orbital magnetoconductivity in the normal 
state at higher temperatures was fitted very well with 
the {aT'^ + 6)~^ dependence, while an upturn from this 
behavior was observed only when it reached the magni- 
tude ^ 10~* at temperatures about 20 K above Tc- 

We conclude that the difference of the zero field and 
16 T curves in Fig. [IJa) can be used to analyze the ap- 
pearance of the superconducting fluctuations above Tc- 
It is shown in the inset of Fig. [TJa) on an expanded 
scale. The noise signal of about 0.2 ppm is clearly seen. 
The deviation from zero can be estimated to occur be- 
low 95 K. Below this temperature the superconducting 
fluctuations appear, and give rise to an excess conduc- 
tivity. In the ac case, the superconducting conductivity 
is complex, but the onset of fluctuations is dominated by 
the real part of this conductivity. Here we can state that 
the superconducting fluctuations extend from Tc = 87 K 
to T' = 95 K, i. e. in the range of only 8 K, as seen 
from the insets in Figs. [T] (a) and (b). It is important to 
note that similar results were found in nearly optimally 
doped IIgl201 single crystals;^ and La2-xSr2,Cu04 r^ 
indicating that this feature might be universal for nearly 
optimally doped HTSC. 



respective current paths), the main contribution to the 
absorption signal comes from the current path along the 
c axis. The detailed analysis of pab and pc in all the three 
samples will be postponed to Section IV. 

Here, we focus on the superconducting fluctuations 
above Tc- It is evident in Figs. [Ija) and (b) that, 
at higher temperatures, the curves measured in applied 
flelds of 16 T, and 8 T merge with the curve which was 
measured when no external magnetic field was applied. 
This overlap holds even on an expanded scale when the 
signal noise can be seen directly. It is useful to quan- 
tify this statement by analyzing the data in Fig. [Ija). 
The total signal 1/2Q above Tc is in the range 40-50 
ppm, whereas our noise level in that temperature range 
is about 0.2 ppm. Hence, we can positively detect a rela- 
tive change in our signal which is greater than (1/2)10^^. 
Noting that 1/2Q is related to the surface resistance 
Rs by a constant geometric factor, and Rg (x ^/p, one 
finds that our method can detect a relative change in 
the resistivity Ap/p greater than 10~^. A typical value 
for slightly undcrdopcd YBCO at 100 K is about 100 



B. Deeply underdoped sample 

The microwave results in the deeply underdoped 
YBCO sample UD57 arc shown in Fig. [2] In the config- 
uration where the microwave currents flow solely in the 
ab plane (Fig. HJa)), one observes, even at such low dop- 
ing level, metallic behavior in the normal state around 
100 K, similarly as in the nearly optimally doped sample 
above. This is consistent with dc measurements of pat in 
a series of YBCO samplesi'^ 

The transition to the superconducting state in Fig. 
[2Ja) is shifted to lower temperatures, and greatly broad- 
ened with respect to the slightly underdoped sample 
(compare Fig. da)). The difference of the zero field 
and 16 T curves is shown in the inset of Fig. [H^a) on 
an expanded scale. Some contribution of superconduc- 
tivity is seen up to 80 K, i. e. 23 K above Tc- A 
similar temperature range of superconducting fluctua- 
tions in transport measurements was already reported 
for other HTSC materials, e. g. in underdoped sam- 
ples of BiaSraCaCuaOg (Bi2212)ii, and Co-substituted 
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FIG. 2: (Color online) Microwave absorption in deeply un- 
derdoped YBCO (Ta = 57 K). External dc magnetic field is 
applied parallel to the c axis (black: B^c = 0, red: B^c = 8T, 
green: Bdc = 16T ). (a) -ffmw is in the c-direction so that the 
induced microwave currents flow in the ah plane; (b) Hmw lies 
in the ah plane so that the induced microwave currents flow 
partly in the c-direction and partly in the ah plane. Insets 
show the difference in absorption between Bdc = 16 T and 
zero field for respective configurations. 



YBCO.— However, we should also consider the possibil- 
ity that the sample might not be perfectly homogeneous, 
in which case some fractions of the sample would have 
Tc values distributed slightly above 57 K, and reaching 
even 80 K. In this scenario, the superconducting fluctu- 
ations due to the main body of the sample might extend 
from 57 K to some temperature below 80 K, with their 
contribution to the superconducting conductivity being 
masked by that of a small- volume fraction of the sample 
having a distribution of T^. values in that same temper- 
ature range. This, however, seems to be a minor effect 
in the freshly prepared sample. We demonstrate in Fig. 
[3] that the microwave absorption can sensitively detect 
when a significant distribution of T^ is introduced in the 
same sample after an extended period of aging (nearly 
five years in a closed box). Similar observations were re- 
ported earlier in fluctuation diamagnetism of two YBCO 
samples (chain-ordered and chain-disordered) of the same 
Tc^ Our results for the extent of the superconducting 
fluctuations are consistent with those of Ref. |6a (Ncrnst 
effect) for a sample with the same T^, before introducing 



FIG. 3: (Color online) Microwave absorption in the deeply 
underdoped UD57 YBCO sample before (dotted lines), and 
after aging at room temperature in air (solid lines). The latter 
data show that the intake of oxygen takes place during aging, 
and a small fraction of the sample becomes optimally doped. 
External dc magnetic field is applied parallel to the c axis 
(black: Bdc = 0, green: Bdc = 16T ). (a) -ffmw is in the 
c-direction so that the induced microwave currents flow in 
the ah plane; (b) Hmw lies in the ah plane so that the induced 
microwave currents flow partly in the c-direction and partly in 
the ah plane. Insets show the difference in absorption between 
Bdc = 16 T and zero field for respective configurations. 



disorder, and the result of Ref. |63 (Hall effect). Within 
the sensitivity of our method, we can conclude that the 
observed superconducting fluctuations extend at maxi- 
mum 23 K above T^ in our UD57 YBCO sample. 

The experimental curves presented in Fig. EJb) for the 
configuration in which -ff,nw lies in the ah plane exhibit 
a different behavior than those in the nearly optimally 
doped sample (cf. Fig. [Ijb)). The semiconducting be- 
havior in the normal state is obviously due to the con- 
tribution of the current flowing along the c axis (inset in 
Fig. IHb)). The detailed behavior of pah and pc is given 
later in Section IV. 

Application of a high external magnetic field acts 
to suppress superconductivity close to T^ so that the 
semiconductor-like behavior in Fig. [IJb) is extended to 
lower temperatures. The difference in the signals mea- 
sured in 16 T and zero field is shown in the inset to Fig. 
I^l^b) on an expanded scale. Again we find that the upper 



limit of the appearance of superconducting fluctuations 
is set at 80 K. 



C. Over doped sample 

We now turn to the overdoped side of the YBCO phase 
diagram. The measurements of the OD89 sample are 
shown in Fig. |4l At this doping level the crystal struc- 
ture is fully oxygenated, which enhances the interlayer 
coupling and results in a coherent normal-state trans- 
port along the c axis<^^^ The resistivity pc is greatly re- 
duced with respect to the underdoped samples, and the 
anisotropy pd Pah becomes small. As a result, the relative 
contribution of pc to the signal in Fig. IH^b) is less pro- 
nounced than in the corresponding measurements of the 
underdoped samples. In Section V, we show that it was 
still possible to separately extract pab and pc in the over- 
doped sample. Here we analyze the raw data curves by 
the same procedure as in the underdoped samples above. 
The difference of the zero field and 16 T curves shows 
that even in the overdoped sample the superconducting 
fluctuations are visible up to T' = 96 K, i.e. 7 K above 
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D. Interpretation of the experimental data in the 
fluctuation regime 

Given the controversy that persists in the current liter- 
ature about the temperature range of the superconduct- 
ing fluctuations above T^ in HTSC, we find it impor- 
tant to interprete our raw experimental data before per- 
forming any analysis which involves theoretical models, 
and/or assumptions on unknown behavior in the normal 
state. Our measurements of microwave absorption in pro- 
gressively higher applied magnetic fields have shown that 
an 8 T field is already sufficient to supress superconduc- 
tivity at temperatures above the zero-field Tco (cf. Fig. 
iniin Section V). Here we use the curves measured in a 16 
T field to represent the normal state at all temperatures 
above the zero-field Tco, and observe the difference be- 
tween these curves and those measured in zero applied 
field. Our results show that superconducting fluctua- 
tions extend 7-8 K above the zero-field Tco in overdoped 
and slightly underdoped YBCO samples, while in deeply 
underdoped YBCO sample the superconducting fluctua- 
tions extend at most up to 23 K above the zero- field Tcp. 
The latter result is the most intriguing in the current 
controversy about the nature of the pseudogap in deeply 
underdoped HTSC. 

According to the theoretical analysis made by Emery 
and Kivelsoufi^iii the superconducting order parameter 
in underdoped HTSC samples has a low phase stiffness 
(superfluid density of the system ps), so that long range 
phase coherence can be achieved only below some tem- 
perature Tg, which is lower than the mean field transi- 
tion temperature T^^^ . The temperature Tq then plays 



FIG. 4: (Color online) Microwave absorption in overdoped 
YBCO {Tc = 89 K). External dc magnetic field is applied 
parallel to the c axis (black: B^c = 0, red: B^c = 8T, green: 
Bdc = 16 T ). (a) ffmw is in the c-direction so that the induced 
microwave currents flow in the ah plane; (b) -ffmw is parallel to 
the a axis so that the induced microwave currents flow partly 
along the c-axis and partly along the h axis. Insets show the 
difference in absorption between Bdc = 16 T and zero field for 
respective configurations. 



the role of the superconducting transition T^ which, in a 
real system, may be additionally lowered by the effects 
of some other degrees of freedom. Thus, above T^ this 
theory predicts the predominance of phase fluctuations 
extending in a wide temperature region. Some of the 
previous experimental observations may have observed 
this behavior4^i^i^ Furthermore, this theory predicts 
that even above the phase fluctuation region, and up to 
T , one may have uncorrelated Cooper pairs, i. e. 
those which are not capable of forming even short range 
and short lived phase coherence.— The crucial question 
is how high above Tc can the superconducting fluctua- 
tions survive, and what experimental techniques can be 
used to positively detect them. 

An external magnetic fleld perturbs the phase and am- 
plitude of the superconducting order parameter. Which 
of the two components will be affected in the first line, de- 
pends on the phase stiffness of the system. The present 
experiments detect superconducting fluctuations which 
appear with some amplitude and phase correlation. In 
this sense, they are analogous to Josephson tunneling ex- 



pcrimcnts reported previouslyi^ It is interesting to com- 
pare the frequency range of the detected fluctuations. 
Our experiments probe the superconducting fluctuations 
in the GHz frequency range, and we have shown that 
these fluctuations extend up to at most 23 K above T^ 
for the UD57 sample. The excess conductance measured 
in the Joscphson tunneling experiment as a function of 
the applied voltage revealed the superconducting fluctu- 
ations up to 1 THz frequency range at temperatures 14 
K above T^ in a Co-substituted YBCO sample with a 
similar doping leveli^ These are conventional amplitude 
and phase superconducting fluctuations which are shown 
to persist within a relatively narrow temperature interval 
above Tc. 

However, it is worth mentioning here that the measure- 
ments of the far-infrared (FIR) optical conductivity can 
probe the electron system at much higher frequenciesj^ 
By considering the temperature dependence of the opti- 
cal spectral weight, a recent FIR study in deeply under- 
doped YBCO (similar to our UD57 sample) has uncov- 
ered possible evidence for superconducting fluctuations 
up to temperatures as high as 180 KiS The result was 
obtained using a multilayer model of the c-axis electrody- 
namics, which separates the local intra- and inter-bilayer 
conductivity in YBCO. Only the intra-bilayer conductiv- 
ity was found to develop precursor conductivity at ele- 
vated temperatures. It gives rise to a transverse plasma 
mode, and anomalous temperature dependence of some 
infrared-active phonon modes. One may recall that neu- 
tron scattering experiments on underdoped YBCO have 
revealed spin correlations well above Tc with fluctuation 
rates in the THz range i^^'^^ These spin correlations also 
develop a characteristic in-plane anisotropy, which has 
been interpreted in terms of an electronic transition into 
a nematic liquid state. This process may be related to the 
intra-bilayer anomalies observed in FIR measurements. 

On the other hand, microwave c-axis conductivity can 
detect SC fluctuations capable of forming long range 
inter-bilayer correlations. This can be further confirmed 
by comparing the samples with higher doping levels, 
where the correlations extend in the same temperature 
range when detected by both, microwave and FIR tech- 
niques. Namely, for the optimally doped and overdopcd 
cuprates, model calculations^^iS show that the phase 
stiffness is more rigid {Tg > T^'^^), so that the transi- 
tion to the normal state is expected to occur through 
the disappearance of the amplitude of the order param- 
eter. Hence, above Tc the superconducting fluctuations 
would preserve phase correlation as long as there is some 
amplitude present, i. e. amplitude fluctuations alone 
cannot be expected on theoretical grounds. The present 
measurements in our slightly underdoped (UD87) and 
overdoped (OD89) samples have detected the supercon- 
ducting fluctuations in the range of 7-8 K above Tc, which 
is a considerably shorter range than the one observed in 
the deeply underdoped (UD57) sample, but does not re- 
duce to the narrow range characteristic of classical super- 
conductors. These observations arc similar to the ones 



noted in recent measurements of the Nernst coefficient in 
YBCO single crystals at different magnetic fieldsi^ Also, 
dynamic scaling analysis of the microwave conductivity 
in LSCO samples with a broad range of doping has shown 
a narrow range of fluctuations above Tc^ The same con- 
clusion about the narrow range of fluctuations above Tc 
has been recently drawn from THz time-domain spec- 
troscopy in LSCO thin films with a doping range that 
spans almost the entire superconducting domcj^ 



IV. ANISOTROPIC RESISTIVITIES 

Having established the extent of the superconducting 
fluctuations above Tc directly from the measured data, 
we can proceed with a theoretical analysis of the mea- 
sured curves, and reach additional conclusions which go 
beyond those of direct observation. 

In the course of microwave measurements, one deter- 
mines two parameters, 1/2Q and A///, where A/ is the 
shift of the resonant frequency at a given temperature 
with respect to the lowest temperature value. The two 
parameters are combined to 



^-^^ = nRs+^Ax.. 



(1) 



where F is a geometric factor for a given sample in the 
cavity, which is not changed upon temperature variation, 
i. e. it holds for the entire set of data. It can be calcu- 
lated if the resistivity p„ is known at some temperature 
well above Tc so that the sample is fully in the normal 
state. The calculated value of the normal surface resis- 
tance Rsn = y^ujUQPn/i is then simply compared to the 
measured value of 1/2Q at that temperature. 

One has to set an offset value to the measured fre- 
quency shift in Eq. ^ so that the full value of the sur- 
face reactance Xs also appears in that equation. This 
can be accomplished through knowledge of the low tem- 
perature London penetration depth Al, from which one 
calculates Xs{0) = uj/jo^l, or by assuming that the con- 
ductivity in the normal state is a real quantity an so 
that Xsn ~ Rsn ~ ■\/ci;/xoPn/2. We adopt the latter pro- 
cedure for the analysis of our data in YBCO samples. 
The measured complex frequency shift can then be ex- 
pressed through the surface impedance Zs = Rs + iXs at 
all temperatures. 

The real part of the resistivities pat for the three YBCO 
samples are shown in Fig. [5] (a). They were infered from 
the measurements shown in Figs. [TJa), HJa), and |3l^a) 
where the sample orientation and the selected microwave 
mode ensured that the current was flowing only in the ab 
plane. The in-plane resistivities are metallic-like, even in 
the deeply underdoped sample, as has been previously 
found by dc resistivity measurements.— 

The resistivity pc can be extracted from the curves 
shown in Figs. [Ub), [H^b), and 01^ b) which are taken in 
the mode where the current flows partly in the ab plane, 
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FIG. 5: (Color online) (a) The real part of the afe-plane re- 
sistivity of the three YBCO samples, OD89 (green), UD87 
(black), and UD57 (red) as determined from the microwave 
measurements in the mode in which the current flows only in 
the afc-plane (Figs. H^a), [2ja), and|4|a)). Metallic behavior 
is observed in overdoped and underdoped samples in the nor- 
mal state. The thicker and thiner lines pertain to the results 
obtained in zero field and 16 T fields, respectively, (b) The 
real part of the c-axis resistivity determined by the decom- 
position of the total signal measured in the mode where the 
current Hows partly in the a6-plane and partly along the c- 
axis as shown in the insets of Figs. mb),[2l^b), and|4jb). The 
decomposition procedure is described in the text. 



and partly along the c axis. For the microwave field along 
the b axis, the effective measured surface impedance is 



Z, 



abZn 



eff 



bcZc 



ab + be 



(2) 



where Zab and Z^ are the true surface impedances de- 
pending on the resistivities Pab and Pcj respectively. The 
parameters a, 6, and c stand for the sample dimensions as 
given in Table HI The resulting curves for the real part of 
Pc arc shown in Fig. [5](b). The slopes of pc in overdoped 
and slightly underdoped samples exhibit a metallic-like 
behavior, consistent with previously reported measure- 
ments of Pc in optimally doped YBCOj^iZ^ In deeply 
underdoped UD57 sample, pc shows a semiconductor- 
like behavior as previously reported by dc resistivity)^ 
and microwave measurements^ in underdoped YBCO. 
We note here that a similar semiconductor-like behavior 



of Pc has been observed also in nearly optimally doped 
Hgl201 single crystals below the pseudogap temperature 
T*.— However, the Hgl201 system is highly anisotropic 
already at optimal doping, while the YBCO system ac- 
quires a high anisotropy only when deeply underdoped. 



V. ANALYSIS OF THE COMPLEX 

CONDUCTIVITY DUE TO 

SUPERCONDUCTING FLUCTUATIONS 

It is convenient to study the superconducting fluctu- 
ations through the complex conductivity a = (Ji — ia2, 
which can be infered from the complex surface impedance 
Zs using the expression 



CTl 



Z(T2 = 



tUjpQ 



(3) 



The resulting real and imaginary parts of the zero field 
a&-plane conductivity in the slightly underdoped UD87 
sample are shown in Fig. |6lja). In ac measurements, the 
superconducting fluctuations bring about finite contribu- 
tion to conductivities at Tc^^^ Moreover, the real part 
CTi has a peak, which may be superimposed on a broader 



maximum extending below Tc. 



,11-13,44 



The peak in ai is 



a very useful feature since the zero field T^ can be deter- 
mined from a physically meaningful observation, rather 
than by referring to some arbitrary criteria, such as e. 
g. the midpoint on the measured transition curve in Fig. 
ma). 

Also shown in Fig. IHl^a) are the <7iab conductivities ob- 
tained from the curves measured in the applied magnetic 
fields of 8 T, and 16 T. It is evident that the latter two 
curves overlap at all temperatures above the zero field Tc- 
In other words, it is sufficient to apply the field of 8 T 
in order to suppress all superconductivity above the zero 
field Tc, and the field of 16 T is seen to supress the super- 
conductivity a few degrees further below the zero field Tc- 
Hence, by taking the difference of the conductivities in 
zero field and in 16 T field, one may construct a reliable 
procedure for extracting the pure superconducting fluc- 
tuation contribution to the conductivity above the zero 
field Tc- The inset in Fig. EJa) shows the result on an 
expanded scale. It is seen to merge into the signal noise 
at 95 K. This is the temperature T' that has already been 
identified directly form the microwave absorption data in 
Section III. 

The imaginary part of the fluctuation conductivity 
o'2ab is also presented in Fig. Elja). Note that the curves 
obtained from the measurements in 8 T, and in 16 T 
fields are indistinguishable in the whole temperature in- 
terval presented in Fig. IHl^a). They show zero values, 
as expected for the imaginary part of the conductivity 
in the normal state. Hence, the values of a2ab obtained 
in zero field are due to the superconducting fiuctuations. 
These data points are also shown in the inset of Fig. ^a.) 
on an expanded scale. The imaginary part a2ab is seen 
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FIG. 6: (Color online) (a) afo-plane complex conductivity of 
the UD87 sample. The data points of the real part of the con- 
ductivity (aiai) are represented by black symbols, while red 
symbols are used for the imaginary part (a"2ab). Full circles, 
crosses, and open triangles stand for the conductivities in zero 
magnetic field, 8 T, and 16 T fields, respectively. The inset 
in (a) shows on an expanded scale the difference between the 
conductivities in zero field and in the field of 16 T (Acriat, 
blue circles, ACT2a6 red triangles) at temperatures above the 
zero-field Tco- (b) The complex conductivity along the c axis 
in the UD87 sample. The presentation is analogous to that 
of (a). 



to decay much faster than the real part tTia&, which is 
expected at our operating microwave frequency4^ 

Fig. [6jb) shows the complex conductivity along the c 
axis in the UD87 sample. The presentation is analogous 
to that of the in-plane conductivity in panel (a). The 
signature of Tc is visible as a shoulder on the curve of cic. 
We note that both curves, aiab and ctic, yield the same 
value of Tc- It is the temperature at which the coherence 
lengths ^ab and ^c diverge. The applied field of 8 T is seen 
to suppress the superconductivity along the c-axis at all 
temperatures above Tc, similarly as it has been shown 
in the ah plane. Therefore, the curves measured in the 
field of 16 T can be safely used to represent the normal 
state at all temperatures above the zero field Tc. In the 
inset of Fig. Hl^b) one can observe that the fiuctuation 
contribution to aic extends up to 95 K, the temperature 
also identified as T' in Section III. 

We have conducted a similar analysis in our deeply 
undcrdoped UD57, and overdoped OD89 samples. The 
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FIG. 7: (Color online) Presentation of the real and imagi- 
nary parts of the complex superconducting fluctuation con- 
ductivity above T^ as a function of reduced temperature 
t — \n{T/Tc) on a log-log plot. Data for the slightly under- 
doped sample UD87 is shown by full symbols, and the dashed 
lines are theoretical curves as described in the text, (a) In- 
plane conductivity aiat and a2ab- (b) Conductivity along the 
c axis aic and (T2c. 



general features are common to all the three samples. We 
find that the peak in the real part cri of the complex con- 
ductivity, both in the ab plane, and along the c axis, can 
be used to determine the zero field Tc in each of the sam- 
ples. Also, the applied field of 16 T is found to be more 
than sufficient to suppress superconducting fluctuations 
above Tco, so that the excess fluctuation conductivity 
above Tc in zero field can be determined by the above 
described procedure. It appears that the temperature 
T', up to which the real part cri of the fluctuation con- 
ductivity extends before merging with the noise signal, 
coincides with the values already established in Section 
III. 

It is useful to pay additional attention to the features 
of the real and imaginary component of the ac conductiv- 
ity which arise due to the superconducting fluctuations. 
The data points for the in-plane superconducting fluctu- 
ation conductivity above Tc in our slightly underdoped 
UD87 sample are presented in Fig. [7]against the reduced 
temperature t = lii{T/Tc) in a log-log plot. One may try 
to compare those experimental results to the theoretical 
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predictions for the fluctuation conductivity in anisotropic 
three-dimensional (3D) systems. The test is severe since 
a single set of parameters is expected to describe well 
both the real and imaginary components of the fluctua- 
tion conductivity. 

The frequency dependent conductivity can be calcu- 
lated within the Kubo formalism from the current due 
to the fluctuations of the order parameter )^i2S or, alter- 
natively, as the response of the system to an external 
field i^^i^" It was also shown that, for physical reasons, 
one had to truncate the summation over the fluctua- 
tion modes at a minimum wavelength of 27r^o/A, where 
^0 is the intrinsic coherence length, and A is the cut- 
off parameter j^i*^ Indeed, with no cutoff taken in the 
calculations, the theoretical dc fluctuation conductivity 
greatly overestimates the experimentally observed values 
at temperatures above T^^ For the in-plane complex ac 
fluctuation conductivity in anisotropic 3D systems, one 
obtainsi^iS>24 



l^ab 



32h4, 



cO 






60 



[Si{uj,T,A)~iS2{oj,T,A)] 

(4) 

where the intrinsic coherence length ^co along the c 
axis enters in the prefactor. Here, the time depen- 
dent Ginzburg-Landau theory is used with the relax- 
ational dynamics implying that the dynamical critical 
exponent z = 2. This value of z was found previously 
by other experimental groupS)^^ and elaborated on the- 
oretical grounds.— However, alternative values for the 
dynamical critical exponent have also been quoted in the 
literature i^iiS Recently, it has been shown that the orig- 
inal experimental results in thin films can be analyzed 
properly only by accounting for the finite size effects, and 
the value of z then extracted 4^ In microwave measure- 
ments, the phase of the complex fluctuation conductivity 
at Tc is often taken as a sensitive probe for the value of 
z. However, the extracted value of z may still be incor- 
rect if the effect of the short wavelength cutoff at Tc is 
not accounted for properly 4^ For those reasons, we re- 
tain the relaxational dynamics (model A) with z ~ 2, 
and determine the cutoff parameter from the fit to the 
experimental data. 

The temperature dependence is expressed through 
the reduced coherence length £,ab{T)/£,abo in both, the 
prefactor and in the S'1^2 functions as given explicitly 
elsewhere4^i^ Well above Tc one expects the Gaussian 
regime with {U{t)/Uo) -= t'" , where t ^ (T - Tc)/Tc 
is the reduced temperature, and the static critical expo- 
nent v = 1/2. However, in the critical region close to 
Tc, the Gaussian regime no longer holds, and one may 
include the quartic term in the Ginzburg-Landau func- 
tional using the Hartree approximation yielding finally a 
renormalized coherence lengtb^SiS 



^abO 



r 



ln(r/Te) 



HT/Tc) 



r2 



(5) 



where F is a parameter which determines the crossover 
from the Gaussian temperature dependence (v = 1/2) 
to the critical regime {ly — 1) close to Tc- Here, Tc is 
the renormalized critical temperature, as observed in the 
actual experiment. 

The fluctuation conductivity along the c axis takes also 
the form of Eq. (J4|) , except that ^^ in the prefactor is 
replaced by £,co/Cbo = V7^CcO, where 7 = £,abo/£,cO is the 
anisotropy factori^ The renormalized coherence length 
^c{T)/£,co should be equal to ^ab{T)/£_abQ given in Eq. 
([5]) if the anisotropy does not change with temperature. 

Fig. [7]shows the calculated ac fluctuation conductivity 
at our operating frequency of 15.15 GHz. We note first 
that Tc is determined unambiguously from the peak in 
(Ti shown in Fig. [SI hence it is not a free parameter for 
the fit. This is a salient convenience in the microwave 
method; as compared to e. g. dc conductivity anal- 
ysis where Tc has to be considered as a fit parameter. 
Also, ^co in Eq. ^ can be determined by evaluating 
a2ab at Tc, and equating the result to the experimental 
valueJ^i^ In the case of our UD87 sample, we have ob- 
tained ^co = 0.08 nm. The only free parameters are the 
cutoff parameter A in Eq. ^, together with the crossover 
parameter F in Eq. ([5]). The best agreement of the the- 
oretical curves and the experimental data for (Tab in Fig. 
Ula) is obtained with A = 0.032, and F == 0.19. The fit is 
also very good for CTc in Fig. [7Kb) with the same values 
of the crossover parameter F, and the cutoff parameter 
A. The anisotropy parameter was found to be 7 == 10. 

A similar analysis of the fiuctuation conductivity in 
our UD57 sample is presented in Fig. [Sj Again, Tc is 
determined from the peak in ai, and is not a free pa- 
rameter in the theoretical calculations. The crossover 
parameter is free, but we required it to be the same for 
in-plane and c-axis conductivities. The obtained value 
F = 0.4 is larger than that found in the slightly un- 
derdoped sample UD87, which means that the critical 
fluctuations have a relatively larger extent in the deeply 
underdoped sample UD57. The cutoff parameters are dif- 
ferent for the in-plane conductivity (A — 0.4). and along 
the c axis (A = 0.06). This is expected in the under- 
doped sample with larger anisotropy. From the values of 
the conductivities at Tc we found in the UD57 sample 
the coherence length ^co = 0.13 nm, and the anisotropy 
factor 7 = 15. The overall agreement of the theoret- 
ical curves with the experimental data is good also in 
the deeply underdoped sample UD57, but it is not as 
remarkable as in the slightly underdoped sample UD87 
shown in Fig. \7\ These tests are very sensitive to the ho- 
mogeneity of the sample. It is known that even a small 
distribution of Tc values brings about a noticeable re- 
duction of the imaginary part a2^ The results shown 
in Fig. [5| indicate that even the freshly prepared sample 
UD57 contained a minor distribution of Tc values, how- 
ever at this point it is not obvious whether this inhomo- 
geneity is intrinsic to a certain doping level as has been 
found in Bi2Sr2CaCu208+5r^ and La2_2;Sra;Cu04+5i^ 
Regardless of its origin, this observation does not change 
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FIG. 8: (Color online) Real and imaginary parts of the com- 
plex superconducting fluctuation conductivity above Tc in 
deeply underdoped sample UD57. Experimental values are 
shown by full symbols, and the dashed lines are theoretical 
curves as described in the text, (a) In-plane conductivity aiab 
and a2ab- (b) Conductivity along the c axis aic and a2c- 



FIG. 9: (Color online) Real and imaginary parts of the com- 
plex superconducting fluctuation conductivity above Tc in 
overdoped sample OD89. Experimental values are shown by 
full symbols, and the dashed lines are theoretical curves as de- 
scribed in the text, (a) In-plane conductivity oiab and cT2ab- 
(b) Conductivity along the c axis cric and a2c. 



our main conclusion in Section III that the superconduct- 
ing fluctuations do not extend beyond 80 K, i. e. they are 
confined within a relatively narrow region above T^ and 
far below the pseudogap temperature T* in this system. 
We also note that magnetization measurements in opti- 
mally doped YBCO have shown good agreement with the 
theoretical expectations, but a deviation appeared in a 
deeply underdoped sample^ possibly also due to some 
distribution of Tc values. 

The superconducting fluctuations appear simultane- 
ously in both, the ab plane and along the c axis, already 
from the uppermost starting temperature. This obser- 
vation questions some claims that, due to an increased 
anisotropy in underdoped samples, electronic coupling 
along the c axis is completely lost in this system, so 
that only a KTB transition could take place.—"— Our 
results are also at variance with the recent microwave 
observations in LSCO thin films, where 2D behavior was 
found in underdoped, and in overdoped samples, while 
3D behavior was established only in the optimally doped 
sample 1^ 

Fluctuation conductivities have been analyzed also in 
our overdoped sample, and the results are shown in Fig. 



[9l The values of a2ab and ct2c at T^ yielded parameters 
^co — 0-17 nm and anisotropy factor 7 = 5.5. The fit 
parameters were F = 0.21 and A = 0.026 for the pair 
of fluctuation conductivities uiab and a2ab- The flts to 
the pair cric and a2c were obtained with similar values 
r = 0.16 and A — 0.031. The small discrepancy in the 
values of the crossover parameter F could be due to the 
anisotropic conductivity which occurs in the ah plane in 
overdoped samples, while our microwave measurement 
yielded an averaged value. 



VI. CONCLUSIONS 

We have presented microwave absorption measure- 
ments of YBCO single crystals in a broad doping range. 
By progressively increasing the applied magnetic field, 
we have shown that the field of 16 T is well sufficient to 
suppress all superconducting fluctuations above the zero 
field Tc- Hence, the difference of the curves measured in 
zero field, and in the field of 16 T is shown to be a sen- 
sitive and reliable method to detect the appearance of 
the superconducting fluctuations above Tc- This method 
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docs not rely on theoretical assumptions, and/or models 
of extracting the unknown parameters from the measured 
data. 

Our study shows that the temperature range of the 
superconducting fluctuations in YBCO is doping depen- 
dent. In the underdoped sample with Tc = 57 K, it 
extends at most up to 23 K above T^. If a minor distri- 
bution of Tc values is present, the true extent of the su- 
perconducting fluctuations would appear even somewhat 
smaller. In any case, this relatively wide range of super- 
conducting fluctuations is qualitatively consistent with 
the theoretical predictions for phase fluctuations in un- 
derdoped samples fi^"— but provide strong evidence that 
the extent of the fluctuations falls well below the pseu- 
dogap temperature T* « 270 K. 

The present results, however, do not exclude the pos- 
sibility of intra-bilayer precursor superconducting fluc- 
tuations which might be observed by a high frequency 
probe, such as FIR optical conductivity measurements, 
at intermediate temperatures within the pseudogap re- 
gion of underdoped YBCO samples.— 

In the slightly underdoped {Tc = 87 K) , and overdoped 
(Tc = 89 K) samples, the phase stiffness is high enough 
to keep the phase correlation present whenever there is 
some local amplitude of the order parameter. Hence, we 



interpret the fluctuations observed in these samples by 
the present method as conventional fluctuations of the 
complex two-component superconducting order parame- 
ter. The extent of the fluctuations is found to be 8 K 
and 7 K in the nearly optimally doped and overdoped 
samples, respectively. 

We have also shown that the real and imaginary parts 
of the fluctuation conductivity determined at our mi- 
crowave frequency are in compliance with theoretical cal- 
culations which take into account the proper cutoff for 
the wavevector pertaining to the superconducting fluctu- 
ation modes, and renormalized behavior of the coherence 
length in the critical region near Tc- 
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